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DERYHUHDFWLRQV LVDPL[WXUHRIVROYHQWRLODQGILQHFRDOVDIWHUEHLQJGULHGDQGJULQGHG>@+7+3VHSDUDWRUDVD
UHDFWLRQ SURGXFW VHSDUDWRU LQ WKH FRDO OLTXHIDFWLRQ SURFHVV LV XVHG WR VHSDUDWH WKH JDVOLTXLG IORZ FRQWDLQLQJ
SDUWLFOHV RI SXOYHUL]HG FRDO 7KH DIIHFWV RI IORZ FKDUDFWHULVWLF DQG GULIWLQJ UHJXODULWLHV RI SXOYHUL]HG FRDO RQ WKH
WHFKQRORJ\ RI GLUHFW FRDO OLTXHIDFWLRQ LQ +7+3 VHSDUDWRU LV RI JUHDW LPSRUWDQFH ,Q RUGHU WR PDVWHU GULIWLQJ
UHJXODULWLHVRISXOYHUL]HGFRDOSUHGLFWDQGFRQWUROIDLOXUHVFDXVHGE\SXOYHUL]HGFRDOGULIWLQJHIIHFWLYHO\LPSURYH
VHSDUDWLQJHIILFLHQF\DQGVHUYLFHOLIHLW
VQHFHVVDU\WRVWXG\LQWHUQDOIORZILHOGRI+7+3VHSDUDWRU
,QUHFHQW\HDUVFRPSXWDWLRQDOIOXLGG\QDPLFV&)'PHWKRGLVXVHGWRSUHGLFWEHKDYLRUVRIJDVOLTXLGVROLGIORZ
)RUH[DPSOH<RQJ1DP.LPHWDO>@XVHDWZRIOXLGPRGHOEDVHGRQWKHNLQHWLFWKHRU\RIJUDQXODUIORZ.7*)
WRSUHGLFW WKH IORZEHKDYLRURIJDVDQGVROLG LQGRZQHUVDQGJRRGDJUHHPHQW LVREWDLQHGEDVHGRQ WKH3'(W\SH
WUDQVSRUWHTXDWLRQ$NKWDU$HWDO>@XVHWKHYROXPHRIIOXLG92)DSSURDFKWRVWXG\DFRQWLQXRXVEXEEOHFKDLQ
ULVLQJ WKURXJK OLTXLG FROXPQ ZKLFK KDV EHHQ SHUIRUPHG E\ IRU ODERUDWRU\ VFDOH EXEEOH FROXPQ $ UHDVRQDEOH
DJUHHPHQWEHWZHHQWKHSUHGLFWHGYDOXHVRIJDVKROGXSZLWKWKHH[SHULPHQWDOZRUNKDVYDOLGDWHGWKHSUHVHQWPRGHO
.RQJHWDO>@XVHWKHVWDQGDUGWXUEXOHQFHGLVFUHWHSKDVHDQGHURVLRQPRGHOWRVWXG\WKHZHDUUDWHRQWKHLQQHUZDOO
DQG YHORFLW\ FKDUDFWHULVWLF LQ WKH SLSHZKLFK DUH REWDLQHG E\ JDVVROLG WZRSKDVH IORZ LQ WKH WULSOHW RI WKH FRDO
K\GURJHQGHYLFH:XHWDO>@VLPXODWHWKHJDVOLTXLGVROLGIORZLQVFUXEELQJFKDPEHUE\DFRPELQHGPHWKRGRIWKH
FRPSXWDWLRQDO IOXLG G\QDPLFV ZLWK WKH GLUHFW VLPXODWLRQ0RQWH &DUORPHWKRG LQ WKH IUDPH RI (XOHU/DJUDQJLDQ
DSSURDFK /L HW DO >@ LQYHVWLJDWH SDUWLFOH WUDQVSRUW LQ IXOO\GHYHORSHG WXUEXOHQW FKDQQHO IORZ E\ ODUJH HGG\
VLPXODWLRQ/(6 RI WKH LQFRPSUHVVLEOH 1DYLHU6WRNHV HTXDWLRQVˈZKHUH WKH VXEJULGVFDOH LV PRGHOHG XVLQJ
G\QDPLFHGG\9LVFRVLW\PRGHOˊ7KHJRYHUQLQJHTXDWLRQRIJDVVSHFLHVZHUHVROYHGZLWKILQLWHGLIIHUHQFHPHWKRG
DQG 3RVVLRQ HTXDWLRQ E\ XVLQJ GLUHFW ))7 PHWKRGˊ/L HW DO >@ VXPPDUL]H UHFHQW GHYHORSPHQWV RI SDUDOOHO
FRPSXWDWLRQDODOJRULWKPVRISDUWLFOHODGHQIORZVE\WKHGLUHFWQXPHULFDOVLPXODWLRQEDVHGRQWKH(XOHU/DJUDQJLDQ
PHWKRG
,QRUGHUWRUHVHDUFKWKHGULIWLQJUHJXODULW\RISXOYHUL]HGFRDOLQJDVOLTXLGSKDVHDQGDQDO\]HLQIOXHQFLQJIDFWRUV
VXFKDVOLTXLGOHYHOPDVVIOX[SDUWLFOHVL]HDQGSDUWLFOHFRQFHQWUDWLRQLQJDVSKDVHHWFQXPHULFDOVLPXODWLRQDERXW
PXOWLSKDVHIORZLVVWXGLHGLQWKLVSDSHUE\XVLQJWKH(XOHU/DJUDQJLDQPHWKRG0XOWLSKDVHIORZSURFHVVDQGGULIWLQJ
UHJXODULW\ RISXOYHUL]HG FRDO LQ LQWHUQDO IORZ ILHOGRI+7+3VHSDUDWRU LV UHYHDOHG DQG LPSDFW RI SXOYHUL]HG FRDO
GULIWLQJRQGLIIHUHQFHOLTXLGOHYHODQGSDUWLFOHVL]HDUHDQDO\]HG5HVHDUFKUHVXOWFDQSURYLGHYDOXDEOHUHIHUHQFHIRU
RSWLPL]LQJWKHWUDQVIRUPDWLRQDQGLPSURYLQJVHUYLFHOLIHDQGVHSDUDWLQJHIILFLHQF\
7KHHVWDEOLVKPHQWRIPDWKHPDWLFDOPRGHO
2.1. Continuous phase 
7KH(XOHUDSSURDFKLVXVHGWRVROYHIORZILHOGRIJDVOLTXLGWKHFRQWUROHTXDWLRQRIFRQWLQXRXVPHGLXPIORZLV
HVWDEOLVKHG DQG WKDW LV WKH FRQWLQXLW\ HTXDWLRQ DQG WKH 1DYLHU6WRNHV PRPHQWXP HTXDWLRQ %DVLF HTXDWLRQ IRU
GHVFULELQJWKHWUDQVLHQWWXUEXOHQWIORZLVVKRZQDVIROORZV
&RQWLQXLW\HTXDWLRQ
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2.2. Turbulence model 
*DVYROXPHIUDFWLRQLVDERXWDQG5HLVîVRIORZVWDWXVRIWXUEXOHQFHLVGHWHUPLQHGLQLQWHUQDORI
+7+3 VHSDUDWRU *DVOLTXLG SKDVH LV WUHDWHG DV FRQWLQXRXV PHGLXP WKH (XOHU FRRUGLQDWH LV XVHG WR UHYLHZ WKH
PRYHPHQWRIJDVOLTXLGSKDVHDQGWXUEXOHQWFKDUDFWHULVWLFVDUHFDOFXODWHGE\XVLQJWKH6WDQGDUGWXUEXOHQWPRGHO
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2.3. Discrete phase   
7KH FDOFXODWLRQPHWKRGRIQRW FRXSOLQJ LV XVHG LQ WKLV VLPXODWLRQ DQGSDUWLFOH WUDFNLQJZKLFK LV UHOHYDQW DQG
VWDUWLQJIURPLQMHFWLRQVRXUFHLVGLVSOD\HGGLUHFWO\&DOFXODWLQJSDUWLFOHWUDMHFWRU\EHJLQVIURPEHLQJJLYHQRUGHUV
FDOFXODWLYHWUDMHFWRU\LVEDVHGRQIORZILHOGRIFRQWLQXRXVSKDVH
7KH GLDPHWHU RI SXOYHUL]HG FRDO SDUWLFOHV LV ­P RU VR DFFRUGLQJ WR DFWXDO ZRUNLQJ FRQGLWLRQ  NLQGV RI
SDUWLFOHGLDPHWHUVDUHVHWWOHGDV­Pǃ­Pǃ­Pǃ­Pǃ­Pǃ­PDQG­P WKH UHODWLRQVKLS
EHWZHHQWKHPRWLRQODZRISXOYHUL]HGFRDOGULIWLQJDQGSDUWLFOHGLDPHWHUFDQEHVWXGLHG7KHLPSDFWRIOLTXLGOHYHO
RQPRWLRQ ODZ RI SXOYHUL]HG FRDO GULIWLQJ LV DOVR FRQVLGHUHG ZLWK WKH VDPH SDUWLFOH GLDPHWHU $V SHUFHQWDJH RI
SDUWLFOHLQJDVSKDVHRIWRWDOVROLGSKDVHLVQRWFOHDUVRǃǃǃǃLVDVVXPHGUHVSHFWLYHO\WR
VWXG\WKHLPSDFWRISDUWLFOHFRQFHQWUDWLRQRISXOYHUL]HGFRDOLQJDVSKDVHRQPRWLRQODZRISXOYHUL]HGFRDOGULIWLQJ
7RWDO PDVV IOX[ RI VROLG SKDVH LV NJV VR NJVǃNJVǃNJVǃNJVǃNJV LV VHWWOHG
UHVSHFWLYHO\ˈDQGLWVGHQVLW\LVNJP
2.4. Method of solution and Physical parameters  
7KHLQWHUQDOVWUXFWXUHRI+7+3VHSDUDWRULVFRPSOH[7HW+\EULGPHWKRGLVXVHGWRJHWXQVWUXFWXUHGJULG6L['
PRGHOVRI/LTXLGOHYHORIǃǃǃǃǃDUHHVWDEOLVKHGUHVSHFWLYHO\7DNLQJOLTXLGOHYHO
RIDVH[DPSOHPHVKJHQHUDWLRQDQGLQWHUQDOVWUXFWXUHRIPHVKDUHVKRZQDV)LJ7KHPRYHPHQWPHFKDQLVP
RIVROLGSKDVHLQPXOWLSKDVHIOXLGLVPDLQO\VWXGLHGLQWKH+7+3VHSDUDWLRQ
1XPHULFDOVLPXODWLRQLVGLYLGHGLQWRWZRVWHSVILUVWO\WKH(XOHUPHWKRGLVDGRSWHGIRUJDVOLTXLGSKDVHDQGWKHQ
SDUWLFOH LV WUDFNHG E\ WKH /DJUDQJH DSSURDFK ,Q WKLV ZRUN DOO WKH VLPXODWLRQ KDG EHHQ SHUIRUPHG E\ XVLQJ WKH
FRPPHUFLDOO\DYDLODEOH&)'VRIWZDUH)OXHQW7KHVHWRIJRYHUQLQJHTXDWLRQVDUHVROYHGE\DILQLWHFRQWUROYROXPH
WHFKQLTXHZKHUH WKH HQWLUHYHVVHO KDVEHHQ FRQVLGHUHG IRU WKHVLPXODWLRQ7KH6,03/(DOJRULWKP >@KDVEHHQ
HPSOR\HG IRU WKH SUHVVXUH±YHORFLW\ FRXSOLQJ 7KH YROXPH IUDFWLRQ LV GLVFUHWL]HG E\ 48,&. PHWKRG 7KH ZDOO
ERXQGDU\FRQGLWLRQLVVHWDVQRVOLS7KHFRQYHUJHQFHFULWHULRQVXPRIQRUPDOL]HGUHVLGXDOVZDVVHWDWIRUDOO
WKHHTXDWLRQV$VSDUWLFOHYROXPH IUDFWLRQ LVDERXWVRRQHZD\SDUWLFOH WUDFNLQJDSSURDFKZDVDGRSWHG LQ
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&)'VLPXODWLRQV)RURQHZD\SDUWLFOHWUDFNLQJDSSURDFKRQO\WKHHIIHFWRIJDVIORZRQSDUWLFOHIORZLVFRQVLGHUHG
EXWWKHHIIHFWRISDUWLFOHIORZRQJDVIORZLVQHJOHFWHG
7KH JULG TXDQWLW\ LV  PLOOLRQ HQFU\SWLRQ RI FRPSXWDWLRQDO GRPDLQ PHVK DQG WKH WHVW DQG YHULI\ RI JULG
LQGHSHQGHQFHLVDSSOLHGUHVXOWVVKRZWKDWHUURURILPSRUWDQGH[SRUWRIPDVVIORZLVDQGE\XVLQJWZR
JULGGHQVLW\RIPLOOLRQDQGPLOOLRQUHVSHFWLYHO\DQGUHODWLYHIORZSDUDPHWHUVQRWFKDQJHREYLRXVO\
7KHODWHVWHQWUDQFHSK\VLFDOSDUDPHWHUV LQ+7+3VHSDUDWRUSURYLGHGE\WKHHQWHUSULVH LVVKRZQLQ7DEOH7KH
UDQJHRIOLTXLGOHYHOLVaLQQHDUO\DPRQWKDQGSDUWLFOHGLDPHWHURISXOYHUL]HGFRDOLVDERXWȝP


)LJ0HVKLQJILJXUHRI+7+3VHSDUDWLRQ
7DEOH(QWUDQFHSK\VLFDOSDUDPHWHUVLQ+7+3VHSDUDWRU
1DPH *DVSKDVH 6ROLGSKDVH /LTXLGSKDVH
3UHVVXUH0SD   
0DVVIOX[îNJāK   
9ROXPHIOX[PāK   
'HQVLW\NJāP   
9VFRVLW\îNJāPāV   
6LPXODWLRQUHVXOWDQGDQDO\VLV
7KHUHDUHPDQ\IDFWRUVDIIHFWIORZSURFHVVLQDFWXDOZRUNLQJFRQGLWLRQVRPHDSSURSULDWHK\SRWKHVLVDUHPDGHLQ
RUGHU WR IDFLOLWDWH VLPXODWLQJ  3DUWLFOH VKDSH RI SXOYHUL]HG FRDO LV VSKHULFDO  )OXLG LV LQFRPSUHVVLEOH
1HZWRQLDQ IOXLG  7KHUH LV QR SKHQRPHQRQ RI PDVV WUDQVIHU DQG KHDW WUDQVIHU  6ROLG SDUWLFOH YROXPH
FRQFHQWUDWLRQLVORZWKDQHIIHFWRIFRQWLQXRXVSKDVHWRGLVFUHWHSDUWLFOHSKDVHLVRQO\FRQVLGHUHG
3.1. Gas-liquid phase 
,QWHUQDO IORZ IOLHG LV YDULHGZLWK FKDQJH RI OLTXLG OHYHO7DNLQJ SDUWLFOH GLDPHWHU RI ȝPZLWK WKH 6WDQGDUG
PRGHODVH[DPSOHVLPXODWLRQUHVXOWVDUHVKRZQLQ)LJDQG)LJ7KHFRORUUHSUHVHQWVWKHPDJQLWXGHRISDUWLFOH
IORZYHORFLW\
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
  
 )LJ/LTXLGOHYHORI )LJ/LTXLGOHYHORI
)URPWZRILJXUHV WKHKLJKHURIOLTXLGOHYHO WKHILHUFHURIIORZWKHELJJHURIDYHUDJHIORZYHORFLW\RILQWHUQDO
IOXLGDQGYHORFLW\JUDGLHQW WKHJUHDWHUYHORFLW\RISDUWLFOHVILQDOO\ LWZLOO OHDGWR WKHLQFUHDVHRI6DIIPDQOLIWDQG
DJJUDYDWHWKHGULIWLQJRISXOYHUL]HGFRDO
3.2. Gas-solid phase 
7KHVLPXODWLRQUHVXOWRIGLVFUHWHSKDVHE\XVLQJWKH6WDQGDUGWXUEXOHQFHPRGHOLVVKRZQLQ)LJDQG)LJ
7KHFRORUUHSUHVHQWVWKHPDJQLWXGHRISDUWLFOHIORZYHORFLW\

  
 )LJ3DUWLFOHWUDMHFWRU\ZLWKSDUWLFOHVL]HRIȝP )LJ3DUWLFOHWUDMHFWRU\ZLWKSDUWLFOHVL]HRIȝP
+HUHWKHUDWLRRISXOYHUL]HGFRDOGULIWLQJLVGHILQHGDVWKHPDVVSHUFHQWDJHRIWKHSXOYHUL]HGFRDOH[SRUWHGIURP
JDVSKDVHLQWKHWRWDOLQOHWSXOYHUL]HGFRDO,WLVDQGFDOFXODWHGE\)OXHQWZLWKWKH6WDQGDUGWXUEXOHQW
PRGHOLIWKHSDUWLFOHGLDPHWHULVȝPDQGȝPUHVSHFWLYHO\
3.3. Analysis of influence factors 
GDWDVFRQWDLQLQJNLQGVRIOLTXLGOHYHONLQGVRISDUWLFOHGLDPHWHUVDQGNLQGVRIPDVVIOX[HVRISDUWLFOH
FRQFHQWUDWLRQRISXOYHUL]HGFRDOLQJDVSKDVHDUHVLPXODWHGZLWKWKH6WDQGDUGPRGHOLQWKLVVHFWLRQ,IPDVVIOX[LV
1491 H.Z. Jin et al. /  Procedia Engineering  130 ( 2015 )  1486 – 1493 
GHWHUPLQHGWKHUHODWLRQVKLSEHWZHHQUDWLRRISXOYHUL]HGFRDOGULIWLQJDQGSDUWLFOHVL]HRUOLTXLGOHYHOLVVKRZQLQ)LJ
DQG)LJ
)URP)LJWKHH[WHQWRISXOYHUL]HGFRDOGULIWLQJHQKDQFHVZLWKWKHGHFUHDVHRISDUWLFOHVL]HLQPDVVIOX[RI
NJVDQGLWHQKDQFHVVLJQLILFDQWO\LISDUWLFOHGLDPHWHULVVPDOOHUWKDQȝP7KHKLJKHURIOLTXLGOHYHOWKHORZHURI
LQWHUQDO VSDFH WKHZHDNHURI DFWLRQRIJDVFXVKLRQ WKHPRUH LQWHQVHRI DLUIORZPRYHPHQW VR LWZLOO OHDG WR WKH
LQFUHDVHRISXOYHUL]HGFRDOGULIWLQJZKHUHDVGHFUHDVHV
)URP)LJ7KHH[WHQWRISXOYHUL]HGFRDOGULIWLQJVHHPVQRWUHODWLYHZLWK OLTXLG OHYHOFKDQJH LQPDVVIOX[RI
NJV
,ISDUWLFOHGLDPHWHULVGHWHUPLQHGUHODWLRQVKLSEHWZHHQUDWLRRISXOYHUL]HGFRDOGULIWLQJDQGPDVVIOX[RISDUWLFOH
SKDVHLQ)LJ
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)LJ5DWLRRISXOYHUL]HGFRDOGULIWLQJYHUVXVPDVVIOX[RISDUWLFOHSKDVHG ­P
)URP)LJWKHUDWLRRISXOYHUL]HGFRDOGULIWLQJVHHPVQRWUHODWLYHZLWKPDVVIOX[RISDUWLFOHSKDVHFKDQJH7KH
UHDVRQPD\EH WKDW VROLG FRQFHQWUDWLRQRISXOYHUL]HG FRDO LQJDVSKDVH LV ORZXQGHU WKH DFWXDO VLWXDWLRQGLVFUHWH
SKDVHKDVOLWWOHLQIOXHQFHRQWKHFRQWLQXRXVSKDVHZLWKLQWKLVVFRSHRIFRQFHQWUDWLRQDQGDVLQJOHSDUWLFOHWUDMHFWRU\
EDVLFDOO\UHPDLQVXQFKDQJHG
&RQFOXVLRQ
1XPHULFDOVLPXODWLRQRIJDVOLTXLGVROLGWKUHHSKDVHVLQWKHRSHUDWLRQSURFHVVRILQ+7+3VHSDUDWRULVXWLOL]HGE\
WKH(XOHU/DJUDQJLDQPHWKRGWKHUHVXOWVDUHVKRZHGDVIROORZV
%DVHG RQ WKH 6WDQGDUG WXUEXOHQWPRGHO OLTXLGOHYHO SDUWLFOH GLDPHWHU DQGPDVV IOX[ RI GLVFUHWH SKDVH DUH
FKDQJHG WKH H[WHQW RI SXOYHUL]HG FRDO GULIWLQJ HQKDQFHV ZLWK WKH GHFUHDVH RI SDUWLFOH VL]H DQG LW HQKDQFHV
VLJQLILFDQWO\LISDUWLFOHGLDPHWHULVVPDOOHUWKDQȝP
7KHH[WHQWRISXOYHUL]HGFRDOGULIWLQJLVORZHVWLIWKHOLTXLGOHYHOLV
7KHH[WHQWRISXOYHUL]HGFRDOGULIWLQJVHHPVQRWUHODWLYHZLWKVROLGFRQFHQWUDWLRQFKDQJHZLWKLQDORZVFRSHRI
VROLGFRQFHQWUDWLRQLQJDVSKDVH
$FNQRZOHGJH
7KHSURMHFWLVVXSSRUWHGE\WKH&RDO-RLQW)XQGIURP1DWXUDO6FLHQFH)RXQGDWLRQRI&KLQDDQG6KHQKXD*URXS
&RUSRUDWLRQ/LPLWHG1R86SHFLDOL]HG5HVHDUFK)XQGIRU'RFWRUDO3URJUDPRI+LJKHU(GXFDWLRQ1R

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